Time course of pressure/volume ratio of the left ventricle in systole has been proposed as a good index of its pumping properties; the ratio is an approximately steady function of time with its time course almost unaltered by changes in left ventricular end-diastolic volume (preload) and arterial loading conditions (afterload). It is the purpose of the present investigation to compare the ratio in a positive inotropic state with a control in experiments on the dog. The results indicate that the maximum value of the ratio in systole is increased and the time course is shortened by positive inotropism (stimulation of the left stellate ganglion), but that the contour of the time course is approximately unchanged by positive inotropism.
SUMMARY
Time course of pressure/volume ratio of the left ventricle in systole has been proposed as a good index of its pumping properties; the ratio is an approximately steady function of time with its time course almost unaltered by changes in left ventricular end-diastolic volume (preload) and arterial loading conditions (afterload). It is the purpose of the present investigation to compare the ratio in a positive inotropic state with a control in experiments on the dog. The results indicate that the maximum value of the ratio in systole is increased and the time course is shortened by positive inotropism (stimulation of the left stellate ganglion), but that the contour of the time course is approximately unchanged by positive inotropism.
Additional Indexing Words: Heart ventricle Inotropic state Contractility Ventricular elastance Ventricular compliance Ventricular pressure-volume relationship Simulation IT is shown in preceding reports that the pressure-volume relationship of the left ventricle of cardiac-vagotomized and stellectomized dogs is satisfactorily represented by a systolic time-varying pressure/volume ratio e(t).1),2) p(t)=left ventricular pressure in systole v(t)=left ventricular volume in systole t=time from the onset of systole in each cardiac cycle e(t)=P(t)/v(t)
The ratio e(t) in a given inotropic state is unaltered by changes in left ventricular end-diastolic volume (preload)1) and the arterial loading conditions (afterload).
2)
It can be considered that the time course of e(t) is significantly affected by a change in a positive inotropic state, since left ventricular pressure in systole is augmented with a given volume and the systolic duration is shortened by From the Institute for Medical and Dental Engineering, Tokyo Medical and Dental University, 2-3-10 Surugadai, Kanda, Chiyodaku, Tokyo.
This work was partially supported by the Sakkokai Foundation. Received for publication August 11, 1970. 153 Jap. Heart J. where coronary flow in systole was neglected, since the flow in systole is much less than the total ejected flow. Left ventricular end-diastolic volume was varied in some cases by constricting the inferior vena cava and in the other cases by clamping left atrial pressure in order to fix the preload. In some cases mean arterial pressure was clamped to a fixed value by controlling the femoral arteriovenous shunt flow in order to fix the afterload. fraction was significantly decreased (from 0.66 (SD 0.09) in control to 0.48 (SD 0.08)/26 cases in Table I ), 2) left ventricular pressure in systole was much augmented, 3) systolic duration was slightly shortened, 4) aortic flow was slightly increased, 5) stroke volume was also slightly increased, 6) left ventricular end-diastolic volume was in most cases decreased, but in the other cases increased, 7) heart rate was unchanged or slightly increased. Changes in left ventricular pressure-volume diagrams (the abscissa shows the volume) by stellate stimulation are typically shown in Fig. 2 . The diagram was extended along the pressure axis and shifted toward the origin of the volume axis under stellate stimulation.
The maximal value for the pressure/volume ratio was significantly increased and the time when e(t) took the maximum was advanced with simultaneous reduction in its systolic duration by stellate stimulation, as typically shown in the lowest channel of Fig. 1 and in detail in Fig. 3 . However, The maximum of e(t) (emax), the time from the onset to the maximum of e(t) (tmax), and heart rate (HR) under stellate stimulation are normalized to those under control, respectively. PLA=clamped mean atrial pressure, PA=clamped mean arterial pressure.
the contour of the time course of e(t) under stellate stimulation was similar to the control.
DISCUSSION
The myocardial inotropism or contractility was first in detail characterized by a family of Frank-Starling curves, which relates stroke work to A theoretical analysis of a left ventricular pumping model based on the ratio e(t) has indicated that e(t) can satisfactorily explain these physiological relationships between stroke work or stroke volume and end-diastolic volume of the left ventricle.6) The observed changes induced by stellate stimulation in aortic blood flow, stroke volume, left ventricular pressure and heart rate are in satisfactory agreement with those reported by other investigators.5),7) Reduction in residual volume fraction induced by stellate stimulation is consonant with that in other reports.8) The variability of residual volume fractions in a circulatory steady state (usually SD=0.02 (0.01-0.05)) is observed under stellate stimulation as in the control. This variability is considered to be mainly caused by incomplete mixing of the indicator in the left ventricle,9) which, however, does not hinder making deductions in this investigation.
In spite of significant changes in many hemodynamic parameters, stellate stimulation is always (except a case in Table I ) accompanied by specific alterations in e(t): augmentation of its value, advance of its peak time, and constancy of the contour of its time course, all of which are observed under various conditions of the preload and afterload, and moreover under unchanged heart rate or slight tachycardia. Therefore, these alterations in e(t) are considered to be caused by positive inotropism induced by stellate stimulation. Constancy of e(t) in a given positive inotropic state (a given strength of stellate stimulation) is not studied in detail in this investigation, but the peak value of e(t) is not correlated with the preload and afterload. The pressure-volume relationships under various combinations of the preload and afterload in isolated and perfused canine left ventricle suggest that the peak value of e(t) seems approximately constant under changes in the preload and afterload in a given inotropic state;10) this appears to corroborate the results of the present investigation. The quasi-linear pressure-volume relationship of the isovolumetrically contracting canine left ventricle under a change in inotropism also suggests approximate constancy of the maximum of e(t).11)
The inotropism of the ventricle is also characterized by a force-velocity relationship of the myocardium.12) A theoretical force-velocity relationship of a left ventricular geometrical model contracting on the basis of e(t) coincides satisfactorily with the physiological relation.13) A contractility index of the left ventricle, the maximal rate of rise of left ventricular pressure (max dp/dt) or isometric time-tension index ((max dp/dt)/IIT)14),15) can also be theoretically explained by e(t) (see APPENDIX).
From the experimental results and the discussion, the systolic pressure/ 
APPENDIX
Relationship of e(t) to max dp/dt14) and (max dp/dt) IIT.15)
In the isovolumetric contraction phase, v(t)=v(0)=end-diastolic volume p(t)=v(0)e(t) dp/dt=v (0) where IIE means integrated isometric e(t). Then (max dp/dt)/IIT=b2(max de0/dt)/IIE From these formulations, max dp/dt is theoretically increased by increases in a, b and v(0), that is, increases in positive inotropism and end-diastolic volume of the left ventricle. (max dp/dt)/IIT is theoretically increased by an increase only in b, independently from a and v(0). These theoretical results are in satisfactory agreement with the physiological data.14),15) It should be noted that considerations are excluded when the afterload is so small or end-diastolic volume of the left ventricle is so much that the isovolumetric contraction phase ends before the time of the maximum of de0(t)/dt.16)
